Sequential plan-view imaging of sub-surface structures in the transmission electron microscope
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Abstract

Transmission electron microscopy (TEM) is a central technique for the characterisation of materials at
the atomic scale. However, it requires the sample to be thin enough to be electron transparent, imposing
strict limitations when studying thick structures in plan-view. Here we present a method for sequential
plan-view TEM that allows one to image complex structures at various depths. The approach consists
of performing an iterative series of front-side ion milling followed by TEM imaging. We show it is
possible to image how the sample properties vary with depth up to several microns below the surface,
with no degradation of the sample and imaging conditions throughout the experiment. We apply this
approach to 3D cavities in mesoporous GaN distributed Bragg reflectors, demonstrating the ability to
characterise the morphology of the pores, local crystal features and chemical composition through the
multilayer structure. The same workflow can be applied to a variety of complex micron-scale systems
which are by nature too thick for standard TEM analysis, and can also be adapted for profiling samples

in cross-section.
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Thin films are the building blocks of a wide variety of devices, including light emitting diodes [1], solar
cells [2], transistors [3, 4], magnetic field sensors [5], thermoelectric coolers [6, 7], and triboelectric
nanogenerators [8]. To understand the physical principles underpinning operation it is often necessary
to investigate the local properties of the material with high spatial resolution through the entire thickness
of the device. To this effect, transmission electron microscopy (TEM) is routinely used as it allows to
observe the atomic structure of defects [9-13], compositional fluctuations of alloys [13-17], phase and
orientation of crystallites [18-20], luminescence properties across a sample [21-23], dopant distribution
in semiconductor devices [24, 25], magnetic field orientation and strength [26, 27], amongst many

others.

Only a minority of samples — such as nanomaterials (e.g. nanoparticles, nanowires) — can be readily
observed in the TEM in their native state. For the vast majority of materials and devices, sample
preparation is not only necessary, it is instrumental in the acquisition of good quality TEM data — and
is perhaps as important a step as the imaging itself. TEM sample preparation often requires a lot of
practice from the user, and uncontrolled preparation conditions could lead to serious data
misinterpretation. For example, focussed ion beam (FIB) sample preparation using inappropriate
milling conditions can cause amorphization [28, 29], phase change [30], or generation of dislocations
[31] in the material. Even under perfectly controlled conditions, specific reactions and stresses induced
into the sample can make a TEM specimen non-representative. For example, hydrogen was found to be
incorporated into Ti samples prepared using conventional room temperature FIB (using Ga ion or Xe
plasma source) or electropolishing [32]. As another example, dissociated dislocations were found in

GaN foils as a result of strain relaxation occurring during mechanical sample preparation [33].

There are many ways to prepare TEM foils — mechanical polishing, FIB, electropolishing,
ultramicrotomy, to cite only a few [34] — and the appropriate method will depend on the material
properties (e.g. mechanical, electrical, chemical). The only immovable condition is geometrical: the
sample must be electron-transparent in the direction of observation. The required thickness will depend
on the sample itself (e.g. density) as well as on the microscope settings (e.g. acceleration voltage). As a
rule of thumb, if one wants to properly image a sample in the TEM, the region of interest must be
thinner than 200 nm —and much thinner if high resolution imaging or electron energy loss spectroscopy

iS required.

For plan-view imaging, often required for analysing crystal defects or observing e.g. chemical
inhomogeneities in the deposition plane (the plane parallel to substrate), standard preparation methods
involve mechanical polishing followed by ion polishing. In this configuration the sample is thinned
down from the back (i.e. from the substrate), and the electron transparency condition implies that it is
not possible to image the material properties deeper than ca. 200 nm below the top surface of the sample

(illustrated in Figure 1(b)(top)). This is however a serious limitation for many samples (e.g. where



several layers are stacked) for which the (structural, chemical, luminescence, etc.) properties vary with
depth. In this paper we present a TEM sample preparation and data acquisition workflow for sequential
plan-view imaging. We demonstrate the capabilities of the approach with the study of the pore
morphology in a cavity structure which utilises mesoporous GaN distributed Bragg reflectors (DBR).
This sample is technologically relevant for blue single photon emission and displays advantages over
standard non-porous structures (principally in terms of background emission) [35]. The sample consists
of a stack of forty ca. 50 nm thick layers of alternating porous and non-porous GaN, with a ca. 200 nm
non-porous GaN cavity in the middle of the stack and which encloses a thin InGaN quantum dot layer.
To add more structural variations with depth, the porosification parameters have been deliberately
changed between the top half and bottom half of the structure. Detailed description of the sample
structure is provided in the “Growth and etching” section. Conventional TEM preparation and
investigation on this sample would have been insufficient to characterise the full range of pore
morphologies through the multilayer. The stack of layers, ca. 2.5 um in thickness, is well above the
maximum thickness for TEM investigation, and conventional plan-view imaging would only provide
information on a very limited part of the device. Other standard approaches would be also be
suboptimal; cross-sectional imaging would only provide limited information on the pore structure along
the growth direction; and tomography approaches (both electron tomography [36-38] and atom-probe
tomography [39-41]), which present the advantage of 3D imagery, would not access a sufficiently large

volume to provide statistically relevant information.
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Figure 1 — (a-b) Schematic of the sequential plan-view TEM methodology. (c) Optical images of the
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sample taken on the ion polishing system showing how the morphology of the hole evolves with

consecutive iterations (the shaded region indicates the region of interest for TEM imaging).
The sequential plan-view TEM procedure is as follow, the principle is illustrated in Figure 1:

1. Standard plan-view preparation. The sample is first prepared for plan-view imaging using the
standard preparation technique. In this study, the sample was mechanically ground from the back-
side (i.e. substrate side) using SiC and diamond grinding disks until the sample reached a thickness
of ca. 50 um. A dimpler with a cotton wheel and diamond polishing paste (1 pum particle size) was
then used to remove scratches from grinding. Final thinning of the sample was conducted using an
Ar* ion mill in a Gatan PIPS Il system. The ion guns were operated without modulation (i.e. the
guns constantly on while the sample is rotated) with a top incidence angle of 5°. It is important to
keep the angle as shallow as possible in anticipation for the front-side milling in step 3. The beam
energy was kept at 5 keV until thickness fringes were visible in the sample, then the energy was
lowered to 3 keV until a hole formed in the sample. A final cleaning step was performed at 1 keV
for 10 minutes and 0.1 keV for 10 minutes.



2. TEM imaging. The sample is observed in the TEM, here using high-angle annular dark field
scanning TEM (HAADF-STEM). Given that the hole formed at the top surface of the sample, only
the very top < 200 nm of material can be observed — as illustrated in Figure 1(b)(top).

3. Front-side ion milling. After TEM analysis, the sample is mounted in the ion mill system with the
front-side exposed to the ion gun. Because a hole has now formed, it is impossible to use the ion
guns without modulation as this would lead to blunting the edges of the hole (these must be kept as
thin as possible to allow imaging). Instead, the ion mill was operated in single modulation (i.e. the
guns are on only when the same side of the rotating sample is exposed): this results in removal of
material from the top surface on one side of the hole and sacrificing the other side of the hole — as
illustrated in Figure 1(b)(middle). The incidence angle was 5°, which results in an overall angle of
the TEM foil next to the thinned hole of 10° (5° from the back-side milling from step 1 and 5° from
the front-side milling) — this is why using shallow angles is important in order to maintain a
sufficiently wide electron transparent field of view at each step. Since this step aims for the gentle
removal of a limited amount of material, the guns were operated at 1 keV for X minutes, and 0.1
keV for 10 minutes — where X is chosen to remove the appropriate amount of material (empirically
determined based on the material itself as well as the targeted thickness to remove). In this
experiment, we found that 5 minutes was adequate provided the thickness of the individual layers
(ca. 50 nm) but it was found that the milling time had to be increased to 7 minutes later on in the
experiment (iteration no. >15-20) to compensate for the increase in hole size which resulted in a
slower milling rate. Further discussion and guidance regarding the milling duration are given in the
“Limitations and recommendations” section.

4. TEM imaging. TEM analysis of the sample is then carried out. The region of interest is now the
material on the side of the hole (shaded regions in Figure 1(c)) which has undergone thinning and
therefore allows to observe the material deeper within the sample — as illustrated in Figure
1(b)(middle, bottom).

5. Steps 3 and 4 are repeated as many times as required, adjusting the duration of the 1 keV ion milling
as a way of controlling the depth. It is crucial to perform all the front-side milling iterations (step
3) at the same position and same sample orientation so that the same parts of the hole are thinned
and the same parts are sacrificed. For this study, we conducted 23 iterations of step 3 and 4 — Figure
1(c) shows an optical image of the evolution of the hole throughout the experiment (iteration no.1
corresponds to the standard plan-view preparation, step 1). A montage of TEM images acquired

throughout the experiment is given in Supplementary Information (Figure S1).



iteration no.4

Figure 2. HAADF-STEM images of the porous GaN layers reached at iterations no. (a) 1, and (b) 4.
Here contrast is thickness-dependent.

Figure 2 gives an overview of the morphology of the porous layers — in this instance near the top surface
of the sample (as indicated by the low iteration no.). In these images, since the layers are only made of
GaN the contrast is given by the thickness of the foil, i.e. pores appear dark and non-pores appear bright.
We can see that the morphology of the porous layers consists of several pore domains separated by non-
porous walls (a few are highlighted in yellow in Figure 2(b)). Each pore domain originates from a black
dot in the images, which is in fact a hollow channel from an etched dislocation (exemplified in Figure
6(a)). This is consistent with previous literature which showed that dislocations act as channels for
porosification of the material [42]. What our new sample preparation approach reveals is how the pore
domain structure evolves with depth through the multilayer, as we will highlight in the following
paragraphs.

(a) iteration no.7

Figure 3. HAADF-STEM images of the InGaN quantum dot layer reached at iteration no. 7.
Image (b) corresponds to a magnified region indicated by a square in (a). Here contrast is mainly
composition-dependent. In inset, map of indium distribution by EDX.

Figure 3 shows that it was possible to observe the InGaN quantum dot layer after 6 iterations of front-
side ion milling (step 3), that is, at iteration no. 7. This provides a strong evidence that the sample
preparation technique presented here is effective. The sample we used is almost entirely made of GaN
apart from the InGaN quantum dot layer which is located ca. 1 um below the surface. Evidence of the
presence of indium is provided by the energy dispersive X-ray spectroscopy (EDX) map in inset.
Locating and imaging this specific layer would have been impossible using a standard sample
preparation methodology as it is located too deep inside the stack.
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Figure 4. HAADF-STEM images of the porous GaN layers reached at iterations no. (a) 9, (b) 13, and
(c) 18. Here contrast is thickness-dependent. (d) Summary plot of the evolution of the size of the pore
domains with iteration no. (i.e. depth through the structure).

Figure 4 highlights the morphology of the layers located below the InGaN quantum dot layer — i.e.
iteration no. >7. The morphology in the bottom DBR (Figure 4) contains pore domains of a similar
nature to the ones observed in the top DBR (Figure 2). However, as can be seen visually throughout
Figure 2 and 4(a-c), as well as in the plot in Figure 4(d), the size of the domains increases the deeper
the porous layer is located, reaching several micrometres in size for the bottom-most layers.
Additionally Figure 4(a-c) shows that, past the InGaN quantum dot layer, other morphologies appear

outside of the pore domains — a few more detailed micrographs of these regions are shown in Figure 5.
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Figure 5. HAADF-STEM images obtained from the layers located deeper than the InGaN quantum
dot layer (iteration no. >7). Here contrast is thickness-dependent.

Figure 5 highlights some alternative porous structures that were observed in the bottom DBR. While
the top DBR exhibits a morphology that is solely dictated by pore domains originating from dislocation
channels (as in Figure 2), the bottom DBR exhibits alternative morphologies, on top of some remaining
enlarged pore domains shown in Figure 4. We expect that these are induced in part by the deliberate
change in parameters during the porosification process of the bottom DBRs, although other factors may
have contributed to the observed structure, such as, the greater distance of the layer to the top surface
(i.e. to the etching solution reservoir) which may favour a competition between different porosification
processes. While the understanding of formation mechanism of these complex structures is beyond the
scope of this work, the observation of a variety of morphologies shows the flexibility of this approach,
as well as demonstrating how sub-surface analysis is able to recover information that cannot be

anticipated from conventional plan-view imaging of the top layer alone.
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Figure 6. High-resolution STEM images of (a) a dislocation channel at the centre of a pore domain

obtained at iteration no. 6, (b) an unetched edge-type dislocation (5/7 atom ring core) obtained at
iteration no. 10, (c) an unetched dissociated mixed-type dislocation (9/4/8/4/8/4/7 atom ring core) in a



non-porous layer of the structure obtained at iteration no. 23. In insets, corresponding zoomed out
HAADF-STEM images.

One point that must be emphasised is that, despite several iterations of ion milling, the sample remains
of excellent quality, because of the use of low voltages for the front-side ion milling steps. This allowed
atomic resolution imaging — e.g. allowing dislocation core analysis, determination of Burgers circuit
near holes —to be achieved throughout the whole experiment. This includes late stages of the experiment
such as iteration no. 23 (e.g. Figure 6(c)) for which we estimate that the sample has undergone overall
more than 6 hours of front-side ion milling to expose the layers ca. 2-2.5 um below the sample surface.
A few examples of atomic resolution images obtained at different stage of the experiment are given in
Figure 6. For instance, we could confirm previous reports indicating that the pore domains originate
from nanometre size channels etched at dislocations — the (open) Burgers circuit in Figure 6(a) betrays
the presence of a dislocation [42]. In places, we could find some dislocations which were left unetched,
in the porous layer (Figure 6(b)) or in the non-porous layer (Figure 6(c)). The core structure could be
identified and is in agreement with core configurations commonly found in HI-Nitride materials [12,
13].

In conclusion, we designed a plan-view TEM sample preparation method that allows the user to
overcome the sample thickness limitation imposed by traditional sample preparation. By using iterative
front-side ion milling and TEM imaging, it is possible to observe how the plan-view structure of a
sample evolves up to several microns below the surface. The procedure is gentle enough to keep the
sample suited for sensitive analysis (e.g. atomic resolution imaging) throughout the experiment. We
demonstrated the methodology on a mesoporous GaN cavity structure with an InGaN quantum dot
active region to highlight the different pore morphologies throughout the DBR. The methodology
applies in theory to any complex structures which are too thick to be fully observed using standard
sample preparation techniques. Lastly the methodology could also be adapted for profiling samples in

cross-section.
Limitation and recommendations

Identifying the appropriate duration for front-side ion milling. Step 3 is central to the experiment, and
it is thus critical to have reasonable control over the ion milling conditions to avoid “blind observations”
of the sample. The milling rate of the sample depends on the material being milled as well as on the
settings of the ion mill itself (e.g. current, beam focus, stage rotation). The appropriate amount of
material to remove between each iteration is also experiment-dependent. Therefore prior to undertaking
the sequential plan-view TEM experiment, the user must have a reasonable estimate of the time required
to mill the sample. To facilitate this, we make the following recommendations:

- ldeal procedure: A test sample consisting of the dominant material in the sample to analyse,

and containing easily identifiable markers at a specific depth (typically a few 100s nm) below



the surface should be prepared prior to the main experiment. This pre-experiment would not
necessarily require a full preparation for TEM analysis (Step 1-2): the bulk sample could just
undergo top-surface ion milling and be checked regularly in a (preferably low voltage) scanning
electron microscope (SEM) until the markers are detected.

- Minimal procedure: The experimenter should have minimal knowledge of the sample structure
(layers and their approximate thickness) as well as of the behaviour of the sample or similar in
the ion mill — for example through previous conventional TEM sample preparations. In the
present manuscript, the authors had ample experience with conventional sample preparation of

GaN materials, hence that option was sufficient to achieve the desired results.

Studying samples containing voids. Samples that contain voids should be analysed carefully as it should
be kept in mind that the incidence angle of the ion beam during milling will be different on the main
material and on the void’s wall due to geometric effects. This may lead to uneven milling rates, higher
for the walls that experience quasi-perpendicular ion beam incidence compared to the rest of the sample
that experiences grazing incidence milling. The effect of a heterogeneous milling rate could result in
data misinterpretations. Furthermore, the iterative ion milling steps can amplify this effect and
associated misinterpretations. In the present experiment, this effect was not observed as we could see
similar pore morphologies in related samples that did not undergo ion milling (e.g. diagonally cleaved
samples observed in the SEM) or in samples that underwent different ion milling geometries [43].
However, we cannot rule out that this will be significant for some samples. We thus recommend

operating a few trial observations using a preparation that involves no or very low amount of milling.
Growth and etching

The as-grown sample (i.e. before etching) consists of two periodic structures made of alternating GaN
and n-doped GaN layers, with an InGaN quantum dot layer between the two structures (Figure 7(left)).
The sample was grown by metal-organic vapour phase epitaxy in a 6 x 2 inch Thomas Swan close-
coupled showerhead reactor on a c-plane sapphire substrate. Trimethylgallium, ammonia and silane
were used as Ga, N and Si precursors, respectively, and hydrogen as a carrier gas. A 4 um thick GaN
buffer layer with a nominal dislocation density of ca. 3 x 108 cm was first grown, followed by a 500
nm n-doped GaN (silicon doping concentration ca. 1 x 10% cm®). The first periodic structure was then
deposited as 10 pairs of alternating highly doped n-GaN (47 nm thick) and undoped GaN (56 nm thick)
layers. The InGaN quantum dot layer was grown using a modified droplet epitaxy method [44], and
was located in the centre of a 200 nm thick undoped GaN layer. The second periodic structure is then

deposited identically to the first.

The sample was then electrochemically etched to transform the n-doped layers into porous GaN,
following the process described in Ref. [45]. This process transforms the periodic structures into DBRs.

The surface of the as-grown sample was connected to a Solartron 1287A potentiostat and immersed in



a 0.25 M oxalic acid electrolyte. A Pt foil was used as the cathode, and the sample was used as the
anode. Upon application of a potential bias between the anode and cathode, the conductive n-GaN layers
were porosified (Figure 7(right)). To add more variation to the pore morphology throughout the
structure, the potentiostat settings were changed for the etching of the bottom DBR. A schematic of the
sample structure is shown in Figure 7. As can be seen the total thickness of the structure approaches 2.5
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Figure 7- Schematic of the sample structure before (left) and after (right) etching. Schematic of the

etching experimental setup in the middle.
Transmission electron microscopy

The sample was observed in plan-view using a FEI Titan® aberration-corrected scanning transmission
electron microscope (STEM) operated at 300 kV in high angle annular dark field STEM (HAADF-
STEM) mode. Energy dispersive X-ray spectroscopy (EDS) was conducted on a FEI Osiris at 200 kV.

Quantification was obtained using the Cliff-Lorimer factor method [46].
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Figure S1 — Montage of HAADF-STEM images from iterations 1 to 24. For each iteration, the top
image highlights the porous domains (crossed squares mean no data is available), and the bottom
depicts (an example of) alternative porous structures. Iterations 1-6: Top DBR, solely porous
domains; Iteration 7: InGaN quantum dot layer; Iterations 8-24: Bottom DBR, porous domains +
alternative structures.




